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Abstract

Polycystic ovary syndrome (PCOS) is the most common endocrine and repro-

ductive disorder in premenopausal women, characterized by hyperandrogene-

mia, metabolic syndrome, and inflammation. Women who had PCOS during

their reproductive years remain hyperandrogenemic after menopause. The

consequence of chronic hyperandrogenemia with advanced aging has not been

studied to our knowledge. We have characterized a model of hyperandrogene-

mia in female rats and have aged them to 22–25 months to mimic advanced

aging in hyperandrogenemic women, and tested the hypothesis that chronic

exposure to hyperandrogenemia with aging has a deleterious effect on renal

function. Female rats were chronically implanted with dihydrotestosterone

pellets (DHT 7.5 mg/90 days) that were changed every 85 days or placebo pel-

lets, and renal function was measured by clearance methods. Aging DHT-trea-

ted females had a threefold higher level of DHT with significantly higher body

weight, mean arterial pressure, left kidney weight, proteinuria, and kidney

injury molecule-1 (KIM-1), than did age-matched controls. In addition,

DHT-treated-old females had a 60% reduction in glomerular filtration rate,

40% reduction in renal plasma flow, and significant reduction in urinary

nitrate and nitrite excretion (UNOxV), an index of nitric oxide production.

Morphological examination of kidneys showed that old DHT-treated females

had significant focal segmental glomerulosclerosis, global sclerosis, and inter-

stitial fibrosis compared to controls. Thus chronic hyperandrogenemia that

persists into old age in females is associated with renal injury. These data sug-

gest that women with chronic hyperandrogenemia such as in PCOS may be at

increased risk for development of chronic kidney disease with advanced age.

Introduction

Polycystic ovary syndrome (PCOS) is the most common

endocrine and reproductive disorder, affecting 10–15% of

women of all ethnicities (Azziz et al. 2006; Escobar-Mor-

reale and San Millan 2007; Diamanti-Kandarakis 2008).

PCOS can occur as early as menarche, and women with

PCOS manifest with hirsutism, hyperandrogenemia,

peripheral insulin resistance, dyslipidemia, and often have

visceral adiposity. Studies in postmenopausal women who

had PCOS show that the elevated androgen levels remain

(Patel et al. 2008; Schmidt et al. 2011), but whether aging

women who have had PCOS prior to menopause are at

increased risk of cardiovascular disease later in life is con-

troversial. In the Coronary Artery Risk Development in

Young Adults (CARDIA) study, women with PCOS,

defined as irregular menses and hyperandrogenemia, with

a mean age 45 years, were 2.7 times more likely to

develop coronary artery calcification and increased carotid

intima media thickness, compared to women who had

either isolated oligomennorrhea or isolated hyperandro-

genemia (Calderon-Margalit et al. 2014). However, by
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62 years of age, in the Women’s Ischemia Syndrome Eval-

uation (WISE) studies, women with clinical features of

PCOS were compared with age-matched non-PCOS

women, but who had similar characteristics, such as insu-

lin resistance, hypertension, dyslipidemia, waist circumfer-

ence and BMI. PCOS women did not show greater

mortality in this 10-year follow-up than non-PCOS

women (Merz et al. 2016). Laughlin and colleagues

reported that postmenopausal women (aged 50–91 years)

in the highest two quintiles of testosterone levels had a

1.96-fold higher risk of coronary heart disease (Laughlin

et al. 2010). Thus while studies have been done to evalu-

ate coronary disease and hypertension in older post-

menopausal women with PCOS, no studies have been

done to our knowledge to determine whether they have

increased risk for renal disease.

In recent years, we have used a model of chronic

hyperandrogenemia with implantation of dihydrotestos-

terone (DHT) pellets beginning at 4–5 weeks of age in

female Sprague–Dawley rats (Yanes et al. 2011). By

16 weeks of age, the hyperandrogenemic females exhibit

elevated blood pressure and modest proteinuria with ele-

vated glomerular filtration rate (GFR), likely due to

hyperglycemia associated with insulin resistance (Yanes

et al. 2011). The rise in blood pressure and metabolic

dysfunction manifested in our rat model mimics observa-

tion made in women with PCOS. We have recently char-

acterized the effect of menopause on hyperandrogenemic

females at 13–14 months of age (Dalmasso et al. 2016).

At this age, the hyperandrogenemic females have frank

hypertension (≥25 mmHg increase in MAP compared to

placebo control) and 20% reductions in GFR with pro-

teinuria (Dalmasso et al. 2016).

This study tested the hypothesis that chronic hyperan-

drogenemia leads to further renal injury and dysfunction

with advanced age. The study was done in female rats

that were chronically implanted with DHT beginning at

4–5 weeks of age and studied at 22–25 months of age.

Materials and Methods

Animals

Female Sprague–Dawley rats, aged 3 weeks, were obtained

from the vendor (Harlan Sprague–Dawley, Indianapolis,

IN) and allowed to equilibrate in a temperature-con-

trolled environment with 12:12-h light:dark cycle for at

least 1 week. Rats were then implanted with DHT

(7.5 mg/90 days, n = 6/grp) or placebo pellets (n = 6/

grp) beginning at 5–6 weeks of age; pellets were changed

every 85 days as aging progressed (Yanes et al. 2011; Dal-

masso et al. 2016). Rats were allowed ad libitum access to

rat chow (Teklad #8640) and tap water, and aged to

22–25 months of age. All procedures were approved by

the Animal Care and Use Committee of the University of

Mississippi Medical Center and followed the Guidelines

for the Care and Use of Laboratory Animals, 2011 edition.

Plasma dihydrotestosterone

Plasma DHT was measured by radioimmunoassay as pre-

viously described (Yanes et al. 2011; Dalmasso et al.

2016).

Urine analysis

Old hyperandrogenemic female and control rats were

placed in metabolism cages for 1 day to equilibrate with

ad libitum access to food and water, and on the second

day, urine was collected for 24 h with rats fasted but

given ad libitum access to water. Proteinuria was mea-

sured using the Coomassie method and a commercially

available reagent (Biorad, Richmond, California), as pre-

viously described (Yanes et al. 2011; Dalmasso et al.

2016). Data are expressed as mg/24 h or factored for

GFR. Urinary nitrate/nitrite excretion (UNOxV) from old

placebo control and DHT rats was measured as we previ-

ously described (Reckelhoff et al. 1994; Patil et al. 2016).

Kidney injury molecule-1 (KIM-1), proximal tubular

injury biomarker, was measured in urine using an ELISA

assay kit (R&D Systems, Cat# RKM 100), according to

the manufacturer’s instructions, as we previously

described (Patil et al. 2016). KIM-1 levels in urine were

factored for the volume of urine collected over the first

24 h after reperfusion. Data are expressed as picograms

excreted per 24 h.

Renal function study

Renal function was measured by the clearance technique,

as we previously described (Reckelhoff et al. 1998; Mara-

non et al. 2015). Briefly, old females rats, DHT or placebo

treated (n = 6/grp) were anesthetized by intraperitoneal

injection of the thiobarbiturate, Inactin (100 mg/kg body

weight), and placed on a temperature-regulated surgery

table to maintain body temperature at 37 � 0.5°C.
Catheters were placed in the femoral artery (blood pres-

sure monitoring and blood sampling) and femoral vein

for infusion of artificial rat plasma (2.5 g/dL bovine

immunoglobulin, 2.5 g/dL bovine serum albumin in

Ringer’s solution) at 12.5 mL/kg per hour for 45 min

during the preparatory surgery and thereafter at 1.5 mL/

kg per hour throughout the experimental period to main-

tain an euvolemic preparation. A catheter was placed in

the second femoral vein for infusion of 3H-Inulin (3 lCi/
mL, 1 mL/h). A catheter was placed in the left ureter for
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urine sample collection. Following 1 h equilibration, two

timed (15–30 min) urine samples and a midpoint arterial

blood sample were collected. At the end of the experi-

ment, a 23 g needle connected to V3 tubing was inserted

into the left renal vein, and renal venous blood samples

were drawn along with an arterial blood sample for calcu-

lation of renal plasma flow. At the end of the study, kid-

neys were removed and weighed, and placed into 10%

buffered formalin. 3H-inulin was measured as cpm in

urine and plasma using a gamma counter, and GFR, renal

plasma flow, and renal vascular resistance were calculated.

Renal morphology study

Formalin-fixed hemisected kidneys were embedded in

paraffin and 5 lm serial sections were cut and stained

with Periodic acid–Schiff (PAS). Renal morphology was

performed by an observer (Lorraine C. Racusen) who was

blinded to the study groups.

Statistical analyses

Data are presented as mean � standard error of the mean

and comparisons were made by t-test test using Prism

software with P < 0.05 considered significant.

Results

Characteristics of aging DHT-treated and
control female rats

As shown in Table 1 and as we have previously shown in

this model, DHT levels were approximately threefold

higher in DHT-treated-old females than in controls. Old

DHT-treated females had significantly higher body

weight, left kidney weight, kidney weight to body weight

ratios, and hematocrits than did age-matched controls.

Blood pressure, renal function, and
morphology

Mean arterial pressure (MAP) was increased by approxi-

mately 25 mm Hg, GFR was reduced by 60%, and renal

plasma flow was reduced by approximately 40% in old

DHT-treated females compared to controls (Table 1). Fil-

tration fraction was also lower in old DHT females than

controls (Table 1). As shown in Table 2, proteinuria

levels were significantly higher in old DHT-treated

females whether expressed as mg excreted per 24 h or mg

excreted per 24 h per GFR. Urinary nitrate/nitrite excre-

tion was significantly reduced, and Kidney Injury Mole-

cule-1 (KIM-1) was significantly elevated in old DHT

females, compare to controls (Table 2).
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As shown in Figure 1, morphological evaluation

showed that kidneys from old DHT-treated females had

greater global sclerosis, focal segmental glomerular sclero-

sis (FSGS), and interstitial fibrosis compared to age-

matched control females that had little global sclerosis,

tubular atrophy or interstitial fibrosis.

Discussion

In this study, we found that chronic hyperandrogenemia

in females from 4 to 5 weeks of age to 22–25 months of

age results in 60% reductions in GFR, 40% reductions in

renal plasma flow, significant increases in proteinuria and

KIM-1, and reductions in UNOxV, compared to age-

matched control females. The data suggest that with

aging, chronic hyperandrogenemia produces chronic kid-

ney disease in these female rats.

In young women, the phenotype of PCOS has been

well characterized by many groups from different nation-

alities (Azziz et al. 2006; Escobar-Morreale and San Mil-

lan 2007; Diamanti-Kandarakis 2008). The diagnosis is

made with two of the three characteristics being present:

polycystic ovaries, hyperandrogenemia, and menstrual

abnormalities or infertility (Azziz et al. 2006). Women

with PCOS typically have insulin resistance with or with-

out obesity although more women in industrialized coun-

tries typically exhibit obesity than in third world

countries (Azziz et al. 2006; Escobar-Morreale and San

Millan 2007; Diamanti-Kandarakis 2008). They also exhi-

bit hyperlipidemia, increased inflammation, and symp-

toms of elevated androgens, such as hirsutism, depending

on the levels of circulating androgens. In addition,

women with PCOS often exhibit elevated blood pressure

compared to their age-matched counterparts. With meno-

pause, the elevated levels of androgens persist compared

to postmenopausal women who did not suffer from

PCOS during their reproductive lives, and by this time,

PCOS women are typically frankly hypertensive and

receiving appropriate antihypertensive therapy (Laughlin

et al. 2010; Schmidt et al. 2011; Pinola et al. 2015; Merz

et al. 2016).

We have characterized a model of hyperandrogenemia

in female rats that has many of the same characteristics as

women with PCOS (Yanes et al. 2011), and evaluated the

mechanisms responsible for their elevated blood pressure.

When young, the hyperandrogenemic female rats have

threefold higher dihydrotestosterone levels, similar to the

increase in androgens found in women with PCOS

(Pinola et al. 2015), but have similar levels of estradiol

and testosterone as controls with 6 day estrous cycles

rather than 4 day cycles (Yanes et al. 2011), suggesting

that the endogenous production of estradiol and testos-

terone is not downregulated by the dihydrotestosterone

treatment. In addition, young hyperandrogenemic female

rats exhibit obesity, insulin resistance, increases in choles-

terol and inflammatory cytokines (Yanes et al. 2011), as

are often found in women with PCOS. By 16 weeks of

age, they exhibit modest proteinuria with elevated GFR

compared to controls (Yanes et al. 2011). Young hyperan-

drogenemic female rats also exhibit approximately

10 mmHg increase in blood pressure (Yanes et al. 2011).

The mechanisms responsible for the elevated blood pres-

sure include activation of the sympathetic nervous system,

including a role for the renal nerves (Maranon et al.

2015), just as in women (Schlaich et al. 2011). Further-

more, activation of the melanocortin 4 receptor (MC4R)

contributes to the elevated blood pressure since blockade

of the MC4R reduces blood pressure in the DHT-treated

females, but not controls (Maranon et al. 2015).

We recently characterized the effect of chronic hyper-

androgenemia on metabolic and kidney function after

estrous cycling has ceased at 12–13 months of age in our

female rat model. Compared to this study of the long-

term aging effects of hyperandrogenemia, just following

menopause, hyperandrogenemic female rats are hyperten-

sive, and have proteinuria with modest (20%) reductions

in GFR (Dalmasso et al. 2016). In this study then,

advanced aging to 22–25 months is associated with fur-

ther increases in body weight, that does not occur in age-

matched placebo controls (early postmenopausal (EPM)

placebo): 307.9 � 20.1 g (Diamanti-Kandarakis 2008);

aging placebo 22–25 months old (old): 309.33 � 8.87 g;

DHT EPM: 397.3 � 9.4 g (Diamanti-Kandarakis 2008);

DHT old: 420.83 � 18.46 g, P < 0.05, DHT old com-

pared with DHT EPM).

As mentioned above, GFR was reduced by 20% in early

postmenopausal DHT rats (Dalmasso et al. 2016), but

GFR in old DHT females in this study was reduced by

Table 2. Urinary protein, nitrate/nitrite, and KIM-1 excretion in aging hyperandrogenemic (DHT) female rats compared to placebo controls.

UPrV (mg/24 h) UPrV (mg/24 h)per GFR UNOxV (lmol/24 h/kg BW) KIM-1 (pg/24 h)

Control (n = 6/grp) 4.98 � 0.83 5.095 � 0.92 2.00 � 0.30 5907 � 1147

DHT (n = 6/grp) 37.21 � 12.92 102.5 � 39.26 0.88 � 0.34 12368 � 2038

t-test (P value) 0.0321 0.0325 0.0365 <0.0439

UPrV, urinary protein excretion; UNOxV, urinary nitrate/nitrite excretion; KIM-1, kidney injury molecule-1 excretion.
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60% and renal plasma flow was reduced by 40%. Filtra-

tion fraction was also reduced suggesting an increase in

preclomerular resistance. Renal injury is also evident in

the morphological evaluation, the proteinuria, and the

KIM-1 excretion. UNOxV is reduced in old DHT females

by 60% compared to old placebo controls. In other aging

models, Baylis reported that the reduction in renal plasma

flow is associated with increases in the NO synthase

inhibitor, ADMA, in the kidney (Baylis 2012). Future

studies will be necessary to determine if ADMA levels are

increased with aging in the old DHT females.

In young women with PCOS, there are little data

regarding renal function. Gozukara and colleagues

reported that GFR was increased in young women with

PCOS from Turkey (Gozurka et al. 2015), just as we

found in our young hyperandrogenemic female rats

A

C

D E

BControl DHT

Figure 1. Morphological analyses of kidneys from aging hyperandrogenemic females and controls. (A and B) Representative micrograph of

kidneys of control (A) and DHT-treated (B) aging female kidneys (magnification = 209). Evaluation of PAS-stained sections was performed for

(C) Global sclerosis; (D) Focal segmental glomerulosclerosis (FSGS); (E) Interstitial fibrosis (n = 6/group for all figures). *P < 0.5, compared with

control group.
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(Yanes et al. 2011). Ziaee and colleagues reported that in

Iranian women, microalbuminuria was found in 53% of

young women with PCOS, and was associated with insu-

lin resistance, elevated blood pressure, and greater waist

circumference (Ziaee et al. 2012), although neither GFR

nor serum creatinine was measured. Caglar and colleagues

and Patel and colleagues made similar findings in women

with PCOS in a Rotterdam hospital study (Patel et al.

2008; Caglar et al. 2011). As noted, these studies were

performed in women in their mid to early 20s. Further-

more, in all these studies the women with PCOS who

exhibited microalbuminuria were hypertensive (Patel

et al. 2008; Calderon-Margalit et al. 2014), thus the

elevated blood pressure may have contributed to the

proteinuria.

To our knowledge, there are no studies in which GFR

or proteinuria has been reported in postmenopausal

women with PCOS. Often whether a woman had PCOS

when she was younger is not considered to be relevant to

her postmenopausal healthcare, especially if she is very

elderly. In addition, sex steroid hormone levels are rarely

measured, particularly if several years have passed since

the menopause transition. If women with PCOS have

underlying renal disease as they age, then any cardiovas-

cular/renal event that would seem minor to normally

aging women could predispose them to acute or chronic

renal disease, leading to end-stage renal disease sooner

than in the general population of aging women. This is

the “second hit” hypothesis. Future studies are necessary

to determine if in fact there is a higher incidence of

chronic renal disease in aging, postmenopausal women

who had PCOS during their reproductive years. Further-

more, physicians who care for elderly women should be

cognizant of whether they had PCOS when young and

carefully evaluate their renal function.
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